Abstract Caesarean-section (CS) delivery increases risk of childhood obesity, and is associated with a distinct early-life gut microbiome, which may contribute to obesity. Household pets may alter human gut microbiome composition. We examined if pet-keeping modified the association of CS with obesity at age 2 years in 639 Wayne County Health, Environment, Allergy and Asthma Longitudinal Study birth cohort participants. Pet-keeping was defined as having a dog or cat (indoors C1 h/day) at child age 2 years. We used logistic regression to test for an interaction between CS and pet-keeping with obesity (BMI C 95th percentile) at age 2 years, adjusted for maternal obesity. A total of 328 (51.3 %) children were male; 367 (57.4 %) were African American; 228 (35.7 %) were born by CS; and 55 (8.6 %) were obese. After adjusting for maternal obesity, CS-born children had a nonsignificant (P = 0.25) but elevated 1.4 (95 % CI 0.8, 2.5) higher odds of obesity compared to those born vaginally. There was evidence of effect modification between current pet-keeping and delivery mode with obesity at age 2 years (interaction P = 0.054). Compared to children born vaginally without a pet currently in the home, children born via CS without a pet currently in the home had a statistically significant (P = 0.043) higher odds (odds ratio 2.00; 95 % CI 1.02, 3.93) of being obese at age 2 years. Pets modified the CS-BMI relationship; whether the underlying mechanism is through effects on environmental or gut microbiome requires specific investigation.
Introduction
The epidemic of pediatric obesity and overweight in the United States has burgeoned in recent decades [1] . Data from the National Health and Nutrition Examination Survey (NHANES) demonstrated that between NHANES I (years [1971] [1972] [1973] [1974] and NHANES 1999-2000, the rate of obesity in 2-5 year olds significantly increased from 5.0 to 10.4 % [2] ; in 2009-2010, 12.1 % of US children aged 2-5 years were obese [1] . Over this same time period, rates of caesarean-section (CS) delivery also steeply increased [3, 4] . Several studies in different populations have demonstrated that delivery mode may increase the risk of childhood obesity/overweight [5] [6] [7] [8] ; not surprisingly, results have been inconsistent across different study groups [9] [10] [11] [12] [13] . A recent meta-analysis summarized the association between CS and childhood (ages 3-8 years) overweight/ obesity, estimating a moderate association with an overall pooled odds ratio (OR) of 1.32 (95 % CI 1.15, 1.51) for CS on risk of offspring overweight/obesity [14] . While this is a moderate-sized association, given that CS delivery is common, Li et al. (2012) suggest that CS delivery may have significant implications for public health with respect to obesity risk [15] .
Mechanistically, the association between delivery mode and childhood overweight/obesity is postulated to at least partially be explained through differences in establishment of the gut microbiome [5, 6, 14] . Newborns delivered vaginally have bacterial communities resembling their mother's vaginal microbiome whereas those born by CS have compositionally distinct bacterial communities more closely resembling maternal skin [16] . These differences in microbiome composition by delivery mode persist into infancy [17] . Work in animal models has demonstrated that the gut microbiome composition and function influences body size [18, 19] . A small number of human studies have also demonstrated a plausible link between selected bacteria of the gut microbiome and childhood obesity [20] [21] [22] [23] .
Studies focusing on the role of pet-keeping in early-life have largely focused on allergic/asthmatic disease. Petkeeping in early-life is considered a potential protective factor for development of allergic disease [24] potentially through modification of the home microbial environment and a resident's own microbiome. Pet-keeping increases house dust bacterial community richness and diversity, with dog-ownership in particular leading to introduction of additional bacterial types into house dust [25] . Dog-ownership is associated with greater bacterial diversity on adult skin [26] and infants living with pets have increased gut microbiota richness and diversity [27] . Ingestion of dogassociated house dust results in a distinct gut microbiome composition in mice [28] . As with obesity, CS is also associated with increased risk of childhood allergic disease [29] . The association between delivery mode and a measure of allergic disease risk, total immunoglobin E, is modified by early-life pet keeping, with indoor pet exposure having a significantly greater protective effect on children born via CS [30] . To our knowledge, no studies have examined if there is a similar modification of the relationship between delivery mode and childhood obesity by early-life pet keeping.
Although a growing body of literature implicates delivery type in future obesity risk [5, 6, 14] , much less is known regarding postnatal exposures that could modify this association. We therefore examined the association of CS delivery with childhood body size at age 2 years in the racially and socioeconomically diverse Wayne County Health, Environment, Allergy and Asthma Longitudinal Study (WHEALS) birth cohort [30, 31] . Our primary objective was to examine if the association between delivery mode and childhood body size at age 2 years was modified by pet-keeping.
Methods

Study Population
Wayne County Health, Environment, Allergy and Asthma Longitudinal Study recruited pregnant women with due dates from September, 2003 through December 2007, and who were seeing a Henry Ford Health System (HFHS) practitioner at one of five clinics to establish a birth cohort [30, 31] . All women were in their second trimester or later, were aged 21-49 years, and were living in a predefined geographic area in western Wayne County that included the western portion of the city of Detroit as well as the suburban areas immediately surrounding the city. Postpartum interviewer-administered questionnaires were completed at child age 1, 6, 12, and 24 months. Children and their parent/guardian were invited to return for a clinic visit at child age 2 years for assessment of child health. All participants provided written, informed consent and study protocols were approved by the Institutional Review Board at HFHS.
Body Size, Pet Exposure and Other Covariate Measurement
Delivery records for WHEALS women were abstracted to obtain delivery type (vaginal or CS), birthweight and gestational age at delivery. Maternal prenatal care records were abstracted to obtain body mass index (BMI) at first prenatal care visit; maternal obesity was defined as BMI C 30 kg/m 2 . Gender-and gestational-age adjusted birthweight Z-scores were calculated using the US population as a Ref. [32] . Maternal race was self-reported.
At the 2 year clinic visit, trained field staff measured child height in stocking feet with a wall stadiometer. Child weight was measured with the child in light clothing using a balance beam physician scale. BMI was calculated as weight (in kg) divided by the square of height (m 2 ). Height Z-scores and BMI Z-scores and percentiles were calculated according to the 2000 Centers for Disease Control and Prevention age-and gender-specific growth charts [33] . Obesity was defined as BMI C 95th percentile [33] .
At all interviews (pre-delivery and 1, 6, 12 or 24 months postpartum), the parent/guardian was asked if they had a pet in the home (inside C 1 h). As done elsewhere [30] , for the primary analysis current pet-keeping was defined as report of having a cat or dog indoors at least part of the day at the 24 month visit. Some studies have attributed health benefits primarily to dog ownership [34] [35] [36] ; current exposure only to dog was defined similarly. Since petkeeping may change over time, whether the child ever had pet exposure was defined as a response at any interview that they kept a pet inside C1 h.
Statistical Analysis
For descriptive purposes, maternal, newborn and child characteristics were compared by delivery mode using a Chi square test for discrete characteristics and a t test for continuous characteristics.
To examine the association between CS and the binary outcome of obesity (BMI C 95th percentile vs. BMI \ 95th percentile), we utilized logistic regression as the prevalence of obesity was relatively low (\10 %) [37] . Linear regression was used for continuous BMI Z-score. Models were first fit unadjusted. Potential confounding factors were identified as any factor that when added to the model resulted in a C10 % change in the parameter estimate for delivery mode on body size measure [38] . Potential confounders included: maternal age, maternal race, maternal education, maternal smoking during pregnancy, maternal obesity, ever breastfed, firstborn status, child gender, birthweight Z-score, and child age. Only maternal obesity was identified as a potential confounding variable.
Potential effect modification of the association between delivery mode and body size by pet-keeping, gender, birthweight or breast feeding was examined using interaction terms (product of selected factors). An interaction P B 0.2 was used as a threshold for identifying potentially important interaction terms [39] . To further evaluate effect modification by pet-keeping, we also estimated the joint effect of delivery mode and current pet-keeping on BMI measures. Children born via CS with and without pets and children born vaginally with pets were compared to vaginally-born children without pets. Finally, as pet-keeping [40] , CS [41] , and obesity [1] vary by race, a three-way interaction term between race, pet-keeping and delivery mode was fit to examine potential modification of the relationship of mode of delivery and BMI measures.
We also conducted several sensitivity analyses. Although we a priori examined obesity as the primary categorical outcome variable, there is potential loss of information by not examining all BMI category outcomes (i.e. underweight, normal weight, overweight and obese). We examined the joint effect of CS and current pet-keeping on BMI category using a multinomial logistic regression model with normal weight as the reference category. Models were also fit using a variable indicating whether the child ever had any pet exposure or with a variable indicating exposure specifically to dogs.
Results
The WHEALS cohort included 1,258 babies; 706 children (56.1 %) completed a 2 year follow-up visit in the clinic. We excluded 10 sets of twins (n = 20 children). Seventeen children missing delivery mode and 30 children missing height and weight information at the 2 year visit were excluded. Our final sample size consisted of 639 children. We compared the 639 children included in the analytic sample to the 619 children not included in the analytic sample for selected factors. There was no difference in rates of CS comparing those who were (35.7 %) and were not included (38.9 %) (P = 0.24). Mean maternal age at delivery was statistically significantly higher (P \ 0.001) in those included (30.1 ± 5.2 years) compared to those not included (29.0 ± 5.2 years). Statistically significantly fewer African-American children were in the included sample (57.4 %) relative to those not included (67.2 %).
Most children were born vaginally (64.3 %). Table 1 presents maternal, newborn and child characteristics by delivery mode. The only maternal characteristics significantly associated with delivery mode were age at delivery (P \ 0.001), maternal BMI at first prenatal care visit (P \ 0.001) and maternal obesity (P \ 0.001). Birth order was significantly (P = 0.027) associated with delivery mode; 43 % of CS births were first-born, compared to 35 % of vaginal births. Mean BMI, BMI Z-score and BMI percentile at age 2 years were each statistically significantly (all P \ 0.05) higher in children born via CS compared to vaginal birth. There were no other statistically significant differences in selected characteristics by mode of delivery.
Of the 228 born via CS, type of CS (i.e. planned/ scheduled vs. unplanned/emergent) was available on 224 deliveries; 106 (47.3 %) were planned and 118 (52.7 %) were unplanned. Among those born via CS, comparing those with planned vs. unplanned CS, there was no difference in obesity (P = 0.943) or BMI Z-score (P = 0.391); data not shown.
Association of Delivery Mode with Body Size at Age 2 Years
Caesarean-section was associated with an elevated but not statistically significant OR for obesity at age 2 years (Table 2) . After adjustment for maternal obesity, CS was marginally associated (P = 0.080) with BMI Z-score; compared to those born vaginally, children born via CS had a 0.17 unit higher BMI Z-score at age 2 years (Table 2) . There was no evidence that the association between delivery mode and body size was modified by gender, birthweight or breast feeding (all interaction P [ 0.34 for all body size metrics).
Association of Delivery Mode with Body Size at Age 2 Years is Modified by Pet-Keeping
At age 2 years, 204 children (31.9 %) were living in a home with a pet. Prevalence of obesity and mean BMI Obese (BMI C 95th percentile) 30 (7.3 %) 25 (11.0 %) std standard deviation, BMI body mass index a n = 81 with missing or refused income information b n = 14 with missing data c n = 15 with missing data d n = 32 with missing data e n = 40 with missing data Z-score of children in pet-keeping homes were 7.8 % (n = 16) and 0.16 ± 1.14, respectively, and of children in non-pet homes were 9.0 % (n = 39) and 0.07 ± 1.11, respectively; they did not differ significantly (P = 0.64 and P = 0.35, respectively). There was evidence of effect modification between current pet-keeping and delivery mode with obesity at age 2 years (interaction P = 0.054). There was no significant interaction between pet-keeping and delivery mode with BMI Z-score (interaction P = 0.25). Table 3 presents the joint effect of delivery mode and pet-keeping on BMI measures. Compared to vaginally-born children without a pet in the home, children born via CS without a pet in the home had statistically significantly greater odds of obesity (OR 2.00; 95 % CI 1.02, 3.92; P = 0.043) and a statistically significantly greater BMI Z-score (0.24 ± 0.11; P = 0.037) at age 2 years.
There was no evidence that race modified the delivery mode by pet-keeping interaction (race-delivery mode-CS interaction P [ 0.65 for all body size metrics).
Sensitivity Analysis
Inferences from the multinomial logistic regression model were similar. After adjusting for maternal obesity, children born via CS without a pet in the home had statistically significantly greater odds of being obese than normal weight compared to children vaginally-born without a pet in the home (OR 2.00; 95 % CI 1.02, 3.94; P = 0.046).
Although pet-keeping was relatively stable (i.e. 173 of the 328 (52.7 %) who ever had a pet had pets at all time points queried), there was loss and gain of pets over the study time period. We reran our final models using a variable for a child ever being exposed to a pet during the first 2 years of life, and all inferences were the same. Finally, we examined the effect of current dog-keeping on the association between delivery mode and body size, excluding 60 homes with cats but no dogs and results were similar.
Conclusions
In the current study, we found evidence suggesting that CS was associated with body size at age 2 years, which is consistent with previous studies [5, 6, 13, 15] . Given that approximately one-third of all US births are via CS [4] and a substantial number of those may be avoidable [42] , continued efforts to reduce CS in the absence of medical indications may positively impact rates of obesity [43] . Additionally, we found new evidence to suggest that this association may be modified by pet-keeping behavior in the first 2 years of life, with pet-keeping potentially providing children born by CS some protection against a larger body size. A potential mechanism by which pets may offer this protection is through alterations in the gut microbiome [28] . CS is associated with distinct offspring gut microbiome profiles compared to vaginal delivery [16, 17] ; living with a pet may expose a child born via CS to bacterial communities with similar structure or function that they would have been exposed to during vaginal birth.
Three primary mechanisms linking the microbiome with obesity have been described from work in animal studies and include alterations in energy intake, fatty acid metabolism and fat storage, and inflammation and are described in detail in several recent review papers [44] [45] [46] . For example, gut microbes may differentially break down food sources such as carbohydrates leading to altered availability of nutrients for absorption in the digestive tract [45] . In the inflammatory model, differential microbiome inhabitants, for example, could lead to alterations in gut permeability and a subsequent metabolic endotoxemia, and may influence signaling of appetite and satiety between the gut and the brain [45] . In additional to a microbial-mediated pathway, pets may alter a child's risk of overweight/obesity through other means. For example, in a study of 5-6 and 10-12 year olds conducted in Melbourne, Australia, dog ownership was significantly associated with increased parental-reported total walking frequency/week in all children and with increased accelerometer-measured physical activity levels in 5-6 year old girls (but not boys) [47] . In this same study population, dog ownership was associated with reduced prevalence of overweight/obesity in children at age 5-6 years [48] . However, the association between dogownership and overweight/obesity persisted even after adjustment for dog-walking, and coupled with relatively low rates of dog-walking in the sample, the authors suggest that dogs may protect against early child obesity at least partially independently of dog-walking frequency [48] . A microbial-mediated pathway may be an alternative means of protection.
Maternal obesity is a risk factor for CS [49] and independently increases risk of offspring obesity [50] . Gut microbiomes of pre-pregnancy overweight and normal weight mothers differ and maternal weight gain over pregnancy is associated with gut microbial composition [51, 52] ; these maternal factors appear to similarly influence differences in the offsprings' gut microbial composition [53] . In the current study, even after adjustment for maternal obesity the association between CS and early childhood body size remained statistically significant in the non-pet group. Huh et al. (2012) similarly demonstrated that the association between delivery mode and childhood obesity remained even when controlling for maternal body size [5] .
There is evidence that early-life intervention with microbial modulators can impact childhood body size. In a randomized double-blind trial conducted in Finland, 159 pregnant women were assigned to probiotics at 4 weeks before expected delivery; post-partum, probiotics were given to either the breast-feeding mother or mixed in water and directly fed to formula-fed infants [54] . Infants in the probiotic arm of the study had slower weight gain between the fetal period and 2-4 years of age, with reduced birth-weight-adjusted BMI at age 4 years. We speculate that pet exposure in early life may similarly alter the gut microbiome postnatally and impact body size in childhood by affecting rates of weight gain.
There are several limitations to the current study. Approximately 44 % of the cohort did not complete a study visit at age 2 years potentially increasing risk of selection bias; however, our primary factor of interest, delivery mode, did not differ between these groups. Loss-to-follow up for the 2 year visit was greater for African-American children, reinforcing the need for optimizing retention strategies for racial and ethnic minority participants [55] . Maternal obesity was defined based on the BMI at entry into prenatal care; if women entered prenatal care later in pregnancy, this may reflect both pre-pregnancy weight and weight gain during pregnancy. In the overall sample, after adjusting for maternal obesity, there was a marginally statistically significant association of CS with the continuous BMI Z-score but not with risk of obesity. We may have been underpowered to detect a moderate sized association of CS with obesity risk in the overall cohort. However, our effect size (OR 1.40) is similar to the previously reported meta-analysis OR of 1.32 (95 % CI 1.15, 1.51) for CS on risk of offspring overweight/obesity [14] .
Strengths of the current study include use of medical records to obtain data on maternal obesity, delivery mode and birthweight and measurement of child body size at a research clinic visit, thus our results are not subject to recall bias. Our study population includes a large number of African-American maternal-child pairs, a population at higher-risk for obesity [1] but typically understudied. We examined very early childhood body size (i.e. mean age of 2.2 ± 0.2 years). Children who are overweight at age 2 years are at increased risk of future overweight [56] . Identification of risk factors for very early-life obesity may provide an opportunity for intervention for prevention in early-life, during critical stages of development, [56, 57] , when risk may be most readily mitigated. Additional longitudinal studies examining the association of CS with trajectories of weight gain during the entire childhood period are needed. CS was associated with higher BMI over childhood (through age 15 years) in one study [58] , but in another study CS was associated with obesity risk at age 2 years but not at ages 6 or 10 years [13] .
In summary, this study provides further evidence that CS is associated with larger body size, as measured by BMI Z-score, in early childhood. We provide new evidence suggesting that early-life pet-keeping may modify the relationship between delivery mode and obesity risk, perhaps by increasing gut microbial diversity of children born by CS; however, this requires specific investigation.
